In this study, linoleic acid (LA) was encapsulated in the presence or absence of quercetin into a dual polymer system of whey protein and kappa-carrageenan using power ultrasound. Atomic Force Microscopy (AFM) and FlowCam imaging technology were used for imaging and size determination of nano-and micro-capsules. Differential scanning calorimeter (DSC) was used to determine the glass transition temperature (T g ) of the freeze-dried nanocapsules. In order to examine the effect of water activity (a w ) on the release profile of the encapsulated LA, the nanocapsules were equilibrated over saturated salt solution conditions corresponding to the range of a w between 0.333 and 0.769 in evacuated desiccators at room temperature. Gravimetric measurements of the steady state linoleic acid (LA) contents were conducted. The antioxidant activity of quercetin and the stability of encapsulated LA toward long term and thermally induced rancidity was investigated. The capsules were in the nanosize regime and 83% of the LA was effectively encapsulated. Furthermore, at a w of 0.764, the highest percentage of LA (74%) was released from the expelling nanocapsules. Quercetin was found to exhibit protective antioxidant effect against time-dependent oxidation and thermally induced rancidity of LA. Water activity values of 0.662 and 0.764 provided ideal humidity and pressure conditions for sustained release of nanoencapsulated LA at room temperature.
Introduction
Encapsulation is known as one of the "nature made" techniques for protecting biological structures [1] . Encap-sulation is used in product formulation to entrap essential ingredients into a carrier, in order to impart protection against oxidation, isomerization, and degradation; and to extend the shelf life of materials over a period of time [1] . Encapsulation can also be used for controlled/sustained delivery of functional substances when ingested in the body. This means, the unstable constituents should re-main intact for a certain period of time in the digestive system and then, released in the intestine over a range of physiological conditions [2] . In general, nano/micro-en-capsulation involves coating of emulsion droplets in fluidic dispersions in the nano and/or microsize regime [3] .
testinal tract conditions, insufficient gastric residence time, low permeability and solubility within the gut, as well as poor oral bio-availability limit [8] .
Linoleic acid (LA) belongs to the group of essential ω -6 fatty acids 18:2(n-6). It is a carboxylic acid with an 18-carbons chain and two double-bonds. LA is sensitive to light, air, and strong oxidizing agents [9] . When ingested, LA biologically transfers to docosatetraenoic acid after several sequences to form the intermediate products, gamma linoleic acid, dihomo gamma linoleic acid and arachidonic acid [9] . LA is indispensable for proper health. However, the human body is unable to synthesize it. Hence, a lack of LA and other ω-6 fatty acids in the diet causes nutrition-related disorders such as, dry hair, hair loss, and poor wound healing [10] . Therefore, supplementing foods with LA may have nutritional benefits. However, due to the presence of conjugated double bonds in its structure, LA is very susceptible to oxidation at ambient temperature [10] . Furthermore, its oily nature may affect the texture and other organoleptic properties of foods or pharmaceutical products to which it is added. Adding LA may also bring undesirable odor or taste. These concerns can be remediated by encapsulating LA droplets using miniaturizing techniques such as nanotechnology. The stability of encapsulated materials depends on many factors including the hydrophilic/lipophilic and electrostatic interactions between the core compound and the coating material, the properties of the surfactants used during the preparation of the droplets, and the physico-chemical state of the particles.
Quercetin (3,5,7,3',4 '-pentahydroxyflavone) is a natural bio-flavonoid originating from fruits, vegetables, seeds, berries, and tea [10, 11] . The antioxidant activity of quercetin and its protective effects against cardiovascular disorders, anti-cancer, anti-inflammatory, and anti-viral activities have been extensively documented [11] [12] [13] . Given that the susceptibility of omega-fatty acids to oxidation and the oily sensation has become a concern in product development [14] , encapsulating LA could be an approach for improving its stability and its controlled delivery. Furthermore, incorporating minute amounts of quercetin could potentially impart stability to the oil.
In this study, a strategy is developed to encapsulate LA into a dual-biopolymer matrix of whey protein and κ-carrageenan, in the presence of minute amounts of quercetin. The physical properties of the encapsulated matrices were investigated to determine conditions pertaining to the controlled release of the encapsulated LA. 
Materials and Methods

Encapsulation of LA through Controlled-Emulsion
The κ-carrageenan was a gift from Ingredients Solutions, Inc, Waldo, and the whey protein was purchased from Bulkfood, Toledo, Ohio and used as bulk matrix to prepare the emulsions. In brief, a solution of whey protein was prepared by dissolving 6 g of whey protein concentrated to 40 mL of water using a magnetic stirrer. Similarly, a solution of κ-carrageenan was prepared by dissolving 0.1 g of к-carrageenan into 20 mL of water. Exactly 1.5 g of LA was added step-wise to the whey protein solution and the mixture was continuously stirred for 15 min using power ultrasound at a frequency of 10 MHz. During the mixing 1mL of Tween 20 (0.1%, pH 7.6) was added drop-wise to reduce surface tension and enhance formation of LA droplets. The solution of к-carrageenan was added to the whey protein-LA mixture and mixed at a frequency of 10 MHz using power ultrasound. This process was aimed at developing a coating layer around the lipophilic LA. A similar emulsion was prepared by adding 20 µg of quercetin to LA before mixing with the protein. The purpose of using quercetin as an additive was to explore its potential to prevent the oxidation of LA. In order to compare the effect of quercetin to that of α-tocopherol, a well established antioxidant, a reference emulsion containing 10 µg of α-tocopherol was made following the procedure used to embed quercetin. The prepared emulsions were immediately pre-frozen using liquid nitrogen to entrap the formed nanocapsules. The pre-frozen preparations were frozen overnight at −20˚C and then freeze-dried for 72 h at −40˚C. The resulting dry powder was stored in desiccators over phosphorous pentoxide (P 2 O 5 ) obtained from Sigma-Aldrich, MO, to remove possible residual water. The dried powder was then used to investigate the size of the particles using AFM, for DSC analysis, to study the release profile of LA at various a w , and to evaluate the protective effect of quercetin on thermally induced rancidity and time-dependent auto-oxidation. Practically, this consisted of measuring the amount of hydroperoxides and thiobarbituric acid reactive species (TBARS) after the capsules have been ex-posed to various conditions, including heating at 60˚C, storage at room temperature for 12 weeks, and exposure to various water activity conditions. In order to get further insights into the structure of the encapsulated LA, a new system of LA encapsulated with a dual polymer matrix of whey protein and κ-carrageenan of identical polymeric solution like the previous was conducted. The only difference from the emulsion described above is the mixing frequency of the power ultrasound reduced to 5 MHz and the mixing time was reduced to 5 min. It was expected that lowering the mixing frequency and time will lead to microsize particles that could be determined using FlowCam Imaging Technology.
Size Characterization Using Atomic Force Microscopy (AFM)
Tiny amounts of dry capsules were sprayed on highquality gold plate and a drop of a solution made of 75% methanol and 25% PBS, pH 7.8 was added. The gold plate was left to dry overnight and the particles fixed on the gold plate were characterized using AFM. The AFM originated from Quesant Instruments, 1999 model Qscope 250, California, and was operated in the non-contact wave mode.
Size and Structure Determination Using Fluiding Imaging Technology (FlowCam)
FlowCAM is a new particle analysis technique with applications in fluidics including food fluids. FlowCAM automatically captures digital images of each particle as it passes by in a fluid stream and records up to 26 different measurements for each particle, and particles as small as 2 μm can be visualized. Freshly prepared emulsions were used to visualize the structure, size, and dispersity of the capsules in the emulsion using a FlowCAM imaging system. One ml of emulsion was diluted 50 times by adding 49 mL of water, and 0.5 mL of the resulting solution was placed in a FlowCam cell for size and structure analysis using flash duration of 40,000 microseconds.
Determination of the Physical State of the Nanocapsules
Differential scanning calorimeter (DSC 7) from Perkin Elmer, Norwalk, Connecticut, was used to characterize the physical state of the dried capsules. Triplicate samples of dried powder weighing approximately 10 mg were sealed in an aluminum pan and scanned from 2˚C to 100˚C, and change in heat capacity of the sample was recorded and a possible transition in the sample was detectable on thermograms.
Determination of Total LA
The total LA refers to the amount of LA effectively encapsulated plus the amount of LA only on the surface of the polymer matrix (surface oil). To extract the total LA in the sample, triplicate 200 mg samples of the dry powder were added to 10 ml hexane, vigorously shaken and then filtered using 0.2 μm Nylon Acrodisc filter from Fischer-scientific. The solvent was decanted and the residue was then dried in an oven at 60˚C -70˚C until a constant weight was obtained. The total oil was determined from the difference between the initial weight of the sample and the weight of the dry sample after completion of the hexane oil extraction.
Gravimetric Determination of Surface and Encapsulated LA
The surface LA was determined as follows: about 5 mL of HPLC grade petroleum ether was added to 200 mg of dried nanocapsules in a 50 mL glass vial and gently mixed for 5 min. The supernatant was transferred to a 100 mL glass vial and the wet solid was dried in an oven at temperatures between 60˚C -70˚C. The surface oil was determined from the difference between the initial weight and the dry weight of the sample after completion of the petroleum ether-oil extraction. For the encapsulated LA, 200 mg of dried samples powder were treated with petroleum ether, as described above for extraction of surface LA. The remaining sample was flushed for 5 min with nitrogen gas and dried in the oven at temperatures between 60˚C -70˚C. About 5 mL of hexane was added to the dried sample and mixed with a glass rod to release the encapsulated LA. The mixture was pressed on vortex for 5 min to further release the encapsulated LA. The supernatant solvent containing LA was removed and the sample was dried at 60˚C -80˚C and then weighed. The amount of encapsulated LA was determined by measuring the difference in weights before and after the hexane extraction.
HPLC Determination of Surface and Encapsulated LA
Hexane and petroleum ether containing surface and encapsulated LA were removed by evaporation using nitrogen gas and the content of LA was determined by HPLC using C 18 column. The mobile phase of the chromatographic runs was acetonitrile (ACN)/water (50:50). About 2 mL of acetonitrile/water (50:50) was added to LA and filtered with 0.2 μm Nylon Acrodisc filter. The injection volume of the sample was 50 µL, and the flow rate of the mobile phase was maintained at 0.9 mL/min using a UV detector at a wavelength of 242 nm. Samples were analyzed with a run time of 80 min. The amount of surface oil and encapsulated oil were determined by subjecting the surface areas of chromatograms to a least square analysis using an external the standard procedure.
Evaluation of Encapsulation Efficiency
The encapsulation yield is defined as the ratio of core material in the final dried capsules to that in the emulsion. The values of encapsulated and surface LA were used to calculate the encapsulation efficiency according to the Equation (1) below.
where Total LA is the amount of LA found in the samples upon hexane extraction, and Surface LA is the amount of LA determined upon petroleum ether extraction.
Examination of Release Profile of Encapsulated LA at Various Water Activity Conditions
In order to determine the moisture conditions pertaining to the release of encapsulated LA from the nanocapsules, triplicate samples of 500 mg dried nanocapsules were placed in desiccators over supersaturated removed and weighed after 3 h of storage and the Guggenheim-Anderson-Deboer (GAB) sorption model was fitted to the water sorption data [13] . Following the weight measurement, the samples were replaced in desiccators, kept undisturbed for 16 h and then removed. The amount of LA released upon exposure to the water activ-ity conditions was extracted with petroleum ether and then analyzed as described above in the HPLC determination of surface LA.
Stability against Heat-Induced Rancidity
The stability of LA encapsulated with or without quercetin, and non-encapsulated LA was assessed by measuring the resistance to oxidation. The extent of LA oxidation was measured by following the formation of conjugated diene hydroperoxides (HCD) and thiobarbituric acid reactive species (TBARS) upon heating. Freezedried encapsulated LA prepared with and without quercetin, were heated in an oven at 60˚C for 4 h and 100 mg amount were transferred into Eppendorf propylene tubes, mixed with 5 mL hexane, and then vortexed for 20 s. The supernatant was filtered with 0.2 μm Nylon Acrodisc filter and the hexane layer was evaporated by flushing the tube with nitrogen gas. Exactly 100 mg of LA was placed in a 20 mL glass vial and heated under the same condition as encapsulated samples, and 20 mg extracts of heated LA corresponding to the amount of LA in 100 mg of encapsulated LA (assuming LA distributed evenly into the mixture) were taken for analysis of HCD and TBARS contents as a result of oxidation. About 2 mL of isooctane was added to the test tube to reconstitute the oil. The absorbance of the extracts was then measured spectrophotometrically at 234 nm to determine the amount of HCD and TBARS in the sample. The hydroperoxide content was calculated from the amount of conjugated dienes using the Beer Lambert Law: A = εlcCD, where A is the absorbance of LA solution at 234 nm, ε is the molar extinction coefficient of LA, (2.525 × 10 4 M
), cCD is the molar concentration of LA, and l the path length of the cuvette (1 cm) [15] . The amount of hydroperoxides conjugated dienes (HCD) was calculated from the following equation:
where DF is the dilution factor (for diluted samples). 
For the determination of TBARS, the method by Tong et al. [16] and Schulz et al. [17] was used. Briefly, about 2 ml of 2-thiobarbituric acid (TBA) reagent (15% trichloroacetic acid and 2.0 mL of TBA and 2.0 ml of 0.38% w/v TBA in 0.25 M HCl) was added to Eppendorf propylene test tubes and placed in a boiling water bath for 15 min. The tubes were cooled to room temperature for 10 min and the absorbances were determined spectrophotometrically at 532 nm. A standard curve was prepared from 1, 1, 3, 3, Tetraethocypropane from Sigma and used to determine the concentration of TBARS using a least square method.
The inhibition percentage was calculated from the following equation:
Long Term Stability of Encapsulated LA
Long-term resistance to LA oxidation was evaluated as a way to assess the stability of LA encapsulated with α-tocopherol, quercetin, without quercetin, and non-encapsulated LA. The oxidation was assessed by followingsamples were removed, mixed with 5 ml hexane and then vortexed for 20 s. After filtering the supernatant with Nylon Acrodisc filter, hexane was evaporated under nitrogen gas flushing. Oxidation products were determined using the same procedure described above for the thermally induced resistance to rancidity. Similarly, triplicate of 20 μg of LA were taken and the amount of HCD and TBARS were determined.
was between 50 and 800 nm. This suggests that some of the capsules fall in the nanosize regime while a number of them are also microcapsules. Since the encapsulation was conducted at the same ultrasound frequency, it can be assumed that the capsules were first produced at a nanosize and possibly underwent aggregation or agglomeration during drying and storage resulting in an increased size.
Particles Size and Structure Analysis by FlowCam Technology 2.12. Statistical Analysis
Minitab Software (Minitab, State College, PA) was used to assess the means, standard deviations, and for the analysis of variances and the differences between treatments.
As indicated in the material and methods section, FlowCam imaging technology was used to gather further insights into the structure of the coating layer and the dispersity of the capsules. Since the technique can visualize particles of sizes > 2 μm, microsize capsules containing LA were prepared by reducing the frequency of the ultrasound to 5 MHz and the processing time to 5 min.
Results and Discussion
Atomic Force Microscopy (AFM)
The structure and size of encapsulated LA were elucidated with AFM. Figure 1 is a 2-D image of a typical capsule showing the core oil droplet, the protein layer and the κ-carrageenan layer surrounding the protein layer.
The 2-D image illustrates the structure of the nanocapsules and confirms the effective formation of two polymeric layers, one over the other, around the LA droplets. Figure 2 is a 3-dimensional AFM image of multi-particles of LA in the dual polymer of whey protein and κ-carrageenan. The size of the capsules can be determined according to the color scale in the right of the image. The average lateral size range of the capsules produced was between 0.2 -4 μm. However, the height Diff to sules. The microcapsules were very spherical with average size of 2.76 µm. The structure of each capsule revealed two distinct layers surrounding a core oil droplet. The layer surrounding the oil is designated as the protein layer, as it represents the first hydrophilic substance to which the oil was embedded, and the surface layer represents the κ-carrageenan layer. The density of particles was 5,351,302/ml of sample analyzed, which is an indication of a good dispersion of the microcapsules. The uniformity observed in the sizes of the microcapsules supports the idea of possible agglomeration during the freeze-drying of the nanocapsules, as also observed in the 3-D AFM image.
Examination of the Amorphous Dried Nanocapsules by Differential Scanning Calorimetry (DS
erential scanning calorimetry (DSC) was used investigate the physical state of nanoencapsulated LA by scanning dry particles in the temperature range of 0˚C to 100˚C. at 57.44˚C. The first onset is close to 49˚C, as reported by Schuck et al. [17] for whey protei relative humidity. The second glass transition temperature (T g ) is attributable to κ-carrageenan. The occurrence of a dual transition is in agreement with the AFM result, which indicated two polymeric layers around the oil droplet. T g is related to the physical stability of amorphous formulations [18, 19] . Above T g , the stability of amorphous foods and pharmaceuticals is reduced because of an increase in molecular mobility of component molecules [20] . Thus, keeping the sample at a temperature above T g may induce physical changes in the coating matrix, and subsequently, the lipophilic core material could be released. Therefore, temperature above T g could be examined to explore the conditions pertinent for controlled release and stability of the encapsulated LA.
Evaluation of Encapsulation Efficiency by HPLC and Gravimetric Methods
The HPLC and gravimetrically data of surface and en capsulated LA are presented in Table 1 . The surface oil ents calculated by gravimetric and HP were 3.31 ± 0.02 μg/100 mg and 3.42 ± 0.03 μg/100 mg, respectively. The resulting encapsulation efficiency was 83.5% for the gravimetry and 82.9% for the HPLC analysis. Encapsulation efficiency achieved in this study was higher than that reported by Calvo et al. [21] who encapsulated 53% of olive oil in gelatin, arabic gum, maltodextrin, and sodium caseinate by freeze-drying. However, are lower than the encapsulation efficiency of 89.6% realized in spray-dried microencapsulation of conjugated LA (CLA). The difference in encapsulation efficiency between our results and those of Calvo et al. [21] could be attributed to the drying technique used. Since spray-drying being a faster technique than freezedrying, it is likely that oil droplets enclosed inside the coating matrix would be more stable than those resulting from freeze-drying. Figure 5(a) shows a chromatogram of LA used as a standard while Figure 5(b) shows a chromatogram of LA after six hours exposure to a w 0.662 . The chromatogram is typical of LA, and refers to the HPLC chromatograms of LA reported by Melis et al. [22] and Czauderna et al. [23] . Peaks 1, 2, 3, 4 and 5 correspond to the trans-trans, cis9t11, metabollltes CLA, cis8trans10 and cis-cis-CLA isomers, respectively. At a w values of 0.239 and 0.333, no LA was released. At the value of 0.444, LA released was perceptible and then increased with an increase in a w of up to 74% of encapsulated LA at a w value of 0.764. The sudden increase in the amount of LA at a w suggests a threshold a w value in the 0.444 -0.538 region below which the concomittantly with plasticization of the atrix at this a w threshold, allowing LA to escape from sulated LA was in nanocapsules after 0.239, 0.333, 0.444, biopolymeric coating matrix was stable. Release of LA might occur m the coating shell. This water activity, below which no release was observed, is critical for the preservation of the stability of the coated LA, while a w values above 0.538 appeared to be favorable for the desired controlled release of LA. The relationship between a w values and the release profile of LA is depicted in Figure 6 .
Effect of Water Activity on Controlled-Release of LA
The controlled release of nanoencap studied by measuring the amount of LA exposure of samples at a w 0.538, 0.666 and 0.764. Figure 6 shows a plot of the amount of LA released at various water activities. [24] , and the the extent of formatio ied by measuring the ples stored at room tervals of 2 weeks.
Effect of Quercetin on the Stability of Encapsulated LA
The thermal stability of LA was studied after exposure at 60˚C for several hours. The amounts of HCD sured by the method o amount of TBARS was measured using the method reported by Viljanen et al. [15] , taking the nonencapsulated LA as a sample control. The vitamin α-tocopherol is well known antioxidant that prevents the formation of oxidative species. Therefore, assessing the antioxidant activity of quercetin can be realized by comparing quercetin with α-tocopherol. Similarly, the effect of nanoencapsulation on the oxidative stability of LA could be assessed by measuring the amount of HCD and TBARS. Figure 7 shows a plot of the amount of HCD formed vs. time period. The amounts of HCD formed upon 80 h of heating at 60˚C were 14.9 μMHCD/100g in LA embedded with α-tocopherol, 18.2 μMHCD/ 100 g in LA embedded with quercetin, 34.4 μMHCD/100g in LA encapsulated without quercetin, and 69.1 μMHCD/ 100 g in non-encapsulated LA. With increasing amount of HCD, the samples follow the order: LA with α-tocopherol < LA with quercetin < LA without quercetin. The amounts of TBARS upon thermally induced rancidity presented in Figure 8 and follow a similar trend.
These results indicated that encapsulation of LA with quercetin provided protection against thermally induced rancidity. Morever, quercetin limited n of HCD and TBARS to a degree close to the LA encapsulated with α-tocopherol.
Long Term Stability of LA
Long term stability of LA was stud amounts of oxidative species in sam temperature for 12 weeks at time in The amounts of HCD and TBARS formed in the samples were measured using the method employed in the thermally induced rancidity, described above. The formation of TBARS in the samples presented in Figure 10 indicated that the amounts of TBARS follows a similar trend as in the formation of H A comparison of HCD and TBARS formed in the samples after 12 weeks gave the following results: 19.21 μM/100 g, 31.41 μM/100 g, 40.21 mM/100 g and 70 M/100 g for HCD and 17.41 mM/100 g, 24.21 mM/100 g, 27.61 mM/100 g and 57.71 μM/100 g for TBARS, for α-tocopherol-LA, quercetin-embedded-LA, LA encapsulated without quercetin, and in non-encapsulated-LA, Table 2 shows a mmary of inhibition percentages, with a trend similar ions as reported by the Rolewski et al. [8] . TBARS formation exhibited by LA with α-tocopherol, LA with quercetin, and LA without quercetin for each treatm su to that observed for the amount of oxidative species. These results indicate that nanoencapsulation provides a minimum protection against oxidative attacks, and quercetin is a potential antioxidant for linoleic acid, exhibiting antioxidant activity relatively closed to that of α-tocopherol.
These results are consistent with those reported by Won et al. [25] on linoleic and gamma linolenic acid, but contradictory to the proactive properties of quercetin at low concentrat Just as α-tocopherol, our results indicate that quer-cetin improves the thermal and time-de
Conclusion
The present study shows that successful coating of LA with whey-protein formation of prote nature of the interactions between these biopolymers may contribute to the stability of the matrix. Nanoencapsulation and antioxidants such as quercetin contribute to provide stability to the LA against time-dependent oxidation and thermally induced rancidity. Water activity has proven to play an important role in the release of LA in encapsulation, due to its plasticizing effect on the coating matrix. Further study is needed to examine the combined effect of temperature above the glass transition and the water activity in predicting the conditions that will pertain to the release of encapsulated substances. This information is critical for preparation, storage, and controlled-release of functional lipophilic compounds ex-
